Abstract Recent proteomics studies on human plasma high-density lipoprotein (HDL) have discovered up to 50 individual protein constituents. Many of these have known functions that vary surprisingly from the lipid transport roles commonly thought to mediate HDL's ability to protect from coronary artery disease. Given newly discovered roles in inflammation, protease inhibition, complement regulation, and innate immunity, many have begun to view HDL as a broad collection of distinct particle subfamilies, each distinguished by unique protein compositions and functions. Herein we review recent applications of highresolution proteomics to HDL and summarize evidence supporting the idea of HDL functional subspeciation. These studies have set the stage for a more complete understanding of the molecular basis of HDL functional heterogeneity and hold promise for the identification of new biomarkers that can predict disease or evaluate the success of clinical interventions.
Introduction
Epidemiologic studies dating back to the 1960s have shown that increased plasma high-density lipoprotein (HDL) cholesterol levels are a powerful negative risk factor for development of coronary artery disease (CAD) in a given population. HDL is a blood-borne assembly of amphipathic proteins (∼50% by mass) that stabilize lipid emulsions composed of phospholipids (∼25%), cholesterol (∼4%), triglycerides (∼3%), and cholesteryl esters (∼12%). In addition to structural stability, these proteins (termed apolipoproteins) impart biological directionality to the lipid cargo by 1) targeting it to various tissues, 2) modifying its chemical form (ie, lipolysis or esterification), or 3) transferring it to other lipoproteins. Roughly 65% of HDL protein mass is comprised of apolipoprotein (apo)A-I with another 15% by apoA-II. The remainder includes around 50 proteins that are each too low in abundance to be present on all circulating HDL particles. The potential for differential accumulation of these proteins into certain subspecies likely drives the well-known polydispersity of HDL.
Such compositional variability suggests that HDL mediates numerous and highly diverse biological roles, an assertion borne out by hundreds of functional studies. Its most celebrated function is the shuttling of cholesterol from the periphery to the liver for catabolism/excretion during the process of reverse cholesterol transport (RCT). This is distinguished from the "forward" delivery of cholesterol from the liver to the periphery via the low-density lipoprotein (LDL) pathway. HDL and many of its apolipo-proteins can promote the efflux of cholesterol from peripheral cells via a number of mechanisms [1] and can deliver cholesteryl esters to the liver in the process of selective uptake [2] . In vivo models of RCT show that genetic lowering of plasma HDL decreases the appearance of macrophage-derived cholesterol in the feces [3] . HDL has also been documented to prevent oxidative modification of LDL, which may reduce macrophage foam cell generation in the vessel wall-the hallmark of the developing atherosclerotic lesion [4] . Aside from lipid transport, HDL has anti-inflammatory traits. HDL can inhibit 1) the expression of cell adhesion molecules on endothelial cells, which sequester circulating monocytes during injury [5] , and 2) the activity of macrophage chemotactic factor 1, which signals the infiltration of surface-adhered monocytes into the vessel wall [6] . In rabbits fitted with carotid periarterial collars, HDL administration resulted in 40% reductions in vascular cell adhesion molecule-1 expression and monocyte infiltration within 1 week [7] . There are many more examples of HDL mediation of vessel wall biology (for a review, see Rye et al. [8] ). Intriguingly, HDL also appears to play important roles in host defense. It has been shown to be a major bacteriocidic factor in several species of fish [9] . In humans, it can deactivate particular oxidized phospholipids accumulating in macrophages that have been infected with Mycobacterium leprae, the organism that causes leprosy [10] . Recent work has also demonstrated that HDL can play a highly intriguing role in neutralizing the protozoan Trypanosoma brucei (discussed below).
Given the compositional heterogeneity of HDL on the one hand and its functional pleiotropy on the other, many are adopting the view that HDL refers to a broad collection of distinct particle subfamilies with unique protein compositions that perform distinct functions. In this context, a key challenge is to identify these subfamilies and determine their individual functions. This review focuses on recent progress in the separation and proteomic analyses of HDL, as well as evidence for its functional subspeciation. The reader should be aware of other excellent reviews and commentaries on related issues [11•, 12•, 13] .
How is HDL and its Subfractions Defined?
In the basic science laboratory and the clinic, HDL is referred to by a complex and sometimes confusing set of definitions. Numerous modes of HDL separation from plasma have led to separate nomenclature systems that center on a specific physicochemical or immunological property. For example, HDL has been classically defined by its hydrated density (driven by the ratio of protein to lipid in the particles) as separated by ultracentrifugation. In humans, it is typically found as two major forms: HDL 2 (density of 1.063-1.125 g/mL) and HDL 3 (density of 1.125-1.210 g/mL), with diameters ranging from 70 to 120 Å. These have been further refined to five subspecies, HDL 2 (b, a) and HDL 3 (a, b, c), using tighter density cuts [14] . Given the method's ease and wide use, the densitybased nomenclature has been the most generally adopted. However, HDL has also been classified by major apolipoprotein content using immunoaffinity chromatography into apoA-I-containing particles that lack apoA-II (LpA-I) and those that contain both apoA-I and apoA-II (LpA-I/A-II) [15] . By contrast, agarose gel electrophoresis can classify HDL by charge density into α, pre-α, or pre-β forms, depending on the degree of negative charge [16] . In the clinic, human plasma is commonly treated with phosphotungstic acid or heparin and magnesium chloride to precipitate the apoB-containing lipoproteins LDL and very low-density lipoprotein (VLDL) [17] . The precipitated lipoproteins are pelleted, and cholesterol in the supernate is referred to as HDL cholesterol (HDL-C). It is this HDL-C measurement that underlies the majority of epidemiological studies illustrating the inverse association with CAD. Other physical properties, such as molecular size (gel filtration chromatography) [18] and ionic character (ion exchange chromatography) [19] , have been exploited for lipoprotein lipid analyses but have not yet been widely used for proteomics due to HDL coelution with unrelated high abundance plasma proteins.
Attempts to subclassify HDL have been driven by the promise that a better understanding of HDL subspeciation will yield a more detailed knowledge of its metabolism and perhaps predictive biomarkers for CAD. However, the functional basis for the high compositional heterogeneity of HDL has largely remained a mystery. One reason for this is that there is little concordance between the different HDL separation methodologies. For example, a sample of LpA-I as isolated by immunoaffinity chromatography contains particles of HDL 2 and HDL 3 density as well as α and pre-β electrophoretic species and vice versa. Thus, functional characterizations of HDL subspecies tend to be framed only within the context of the method used to isolate them. An HDL subfraction isolated by a particular method can be considered a true subfraction only in the physicochemical sense, not necessarily the functional sense. Another hurdle has been that functional conclusions about a given HDL subfraction can be compromised by any artifacts inherent to the method used to isolate it. It is increasingly clear that the high shear forces and ionic strengths experienced during potassium bromide (KBr) density ultracentrifugation strip off or redistribute certain proteins. For example, van't Hooft and Havel [20] showed that ultracentrifugally isolated HDL interacted more avidly to the liver apoE receptor than gelfiltered HDL because of altered apoE content or depletion of other apolipoproteins. Another study showed that the use of Abbreviations: ESI, electrospray ionization; MALDI, matrix assisted laser desorption ionization; MS, mass spectrometry; UC, ultracentrifugation; x-DE, x dimensional electrophoresis deuterium oxide and sucrose in ultracentrifugation separations resulted in an altered HDL proteome compared with the classic salt-based method [21•] . Thus, KBr centrifugation may favor "core proteins" that survive the spins, but more transiently associated proteins-which may serve important biological functions-may be underestimated, found in nonphysiologic locations, or missed completely. Immunoaffinity isolation of lipoproteins holds the promise of more gentle separation conditions than ultracentrifugation. However, this approach has its own set of problems, chiefly the bias introduced by the specificity of the antibodies used in the separation. Given its abundance, many have been tempted to define HDL by the presence of apoA-I. Unfortunately, apoA-I is also present on LDL-and VLDLsized particles [22] , and lipidated particles that cofractionate with HDL have been shown to lack both apoA-I and apoA-II [23] . Thus, immunoprecipitation techniques that target a single protein may not cast a wide enough net for capturing all HDL particles. Finally, despite being epidemiologically predictive, the clinical HDL-C measurement fails to take into account the protein complement or any particle subspeciation within HDL. It is not clear exactly which HDL subspecies are captured by the precipitation techniques. For these reasons, prominent clinicians such as Movva and Rader [24] have argued that the HDL-C paradigm is "insufficient to capture the functional variation in HDL particles."
Thus, from the viewpoint of understanding the function of individual particles within the HDL milieu, our current definitions of HDL may fall short. So what is the best way to define HDL? It may be that a more holistic view of HDL is warranted, one based on composition rather than method of separation. One universal constituent of all HDL subfractions is phospholipid. In cells, a critical role of the plasma membrane is to act as a two-dimensional solvent for the concentration of phospholipid-bound proteins and assembly into productive complexes. Perhaps phospholipids play an analogous role in circulation by acting as an organizing center for the assembly of extracellular lipidassociating proteins. When most small exchangeable amphipathic proteins interact with phospholipids, the resulting complexes usually fall into the size and density range of classically defined HDL [25] . Thus, HDL probably contains a host of protein/lipid complexes of defined composition that are as yet uncharacterized (and may not contain apoA-I at all) but may still carry out important biological functions. Given this, it may be useful to think of HDL in terms of "phospholipid-rich lipoproteins" (PL-rich LPs). This definition distinguishes from chylomicrons/ VLDL (triglyceride-rich lipoproteins) and LDL (cholesteryl ester-rich lipoproteins) and frees them from traditional apoA-I-centric or density-centric preconceptions that accompany the term "HDL." Circulating phospholipid may be the platform upon which specific protein-protein or protein-lipid interactions drive the formation of distinct particles with distinct functions.
Applications of Modern Proteomics to HDL
Since HDL was first isolated by ultracentrifugation more than 60 years ago, hundreds of biochemical and immunological studies have been directed at characterizing its protein constituents. Prior to 2005, HDL was generally thought to contain proteins in four major functional groups: 1) proteins associated with lipid transport or lipoprotein integrity (ie, the "apos": apoA-I, apoA-II, apoCs, apoD, apoF, apoM, apoE, etc.); 2) lipolytic enzymes such as lecithin cholesterol acyltransferase (LCAT), paraoxonase (PON), and plateletactivating factor aryl hydrolase; 3) lipid transfer proteins, including cholesteryl ester transfer protein (CETP) and phospholipid transfer protein (PLTP); and 4) acute phase response proteins such as serum amyloid A (SAA), clusterin, and apoA-IV. The presence of these proteins fit well into the general dogma of a primary HDL role in RCT.
However, this view has undergone significant revision in light of recent proteomics studies on HDL. With the advent of soft ionization techniques and the resulting leaps in mass spectrometry (MS) technology, modern proteomic approaches have become powerful tools for mapping complex protein mixtures. The advantage of proteomics over standard biochemical approaches lies in the ability to identify proteins without prior suspicion of their presence in HDL. Although strategies are almost as diverse as the laboratories performing them, the proteomic approaches applied to HDL can be classified into two general categories. The first uses gel electrophoresis to spread HDL proteins either by size only (1D) or by charge and then size (2D). The resulting gel spots are excised, digested with a protease such as trypsin, and identified by highresolution tandem MS. In the second approach, sometimes referred to as a "shotgun" technique, tryptic peptides are first generated from HDL in solution. The peptides are then separated by high-performance liquid chromatography (commonly by reverse phase, but multidimensional separations are also used), subjected to electrospray ionization (ESI) as they elute from the column, and analyzed by tandem MS. A more detailed description of proteomic technologies can be found in an article by Canas et al. [26] . To date, there have been five major applications of modern proteomic approaches to human HDL. The findings are compared in Table 1 .
Using a 2D electrophoresis approach (isoelectric focusing followed by sodium dodecyl sulfate polyacrylamide gel electrophoresis [SDS-PAGE]), Karlsson et al. [27] identified 13 proteins in pools of HDL 2 and HDL 3 separated by two-step discontinuous density ultracentrifugation from a pool of healthy donors. Of these, 11 were known HDL components by biochemical methods. One of the novel findings was α-1-antitrypsin (A1AT), a serine protease inhibitor (serpin) since confirmed by others. This protein is known to modulate activated neutrophils and thus supported a possible role for HDL in innate immunity [28] . In addition, this study highlighted a key advantage of the charge dimension of the electrophoretic approach in that multiple isoforms of apoA-I, apoA-II, apoC-III, apoE, apoM, SAA, and SAA-4 were identified that varied with respect to the presence of a propeptide, potential glycosylation, or sialylation. Another study in the same year utilized both the shotgun approach and a different 2D electrophoresis strategy (native separation followed by SDS-PAGE) to study densityisolated fractions roughly corresponding to HDL 2 and HDL 3 [29] . The study yielded 24 proteins including most found by Karlsson et al. [27] , as well as A1AT. Serotransferin was postulated as a new HDL-associated protein, and α-2-macroglobulin, another protease inhibitor, was found in confirmation of previous biochemical reports.
Rezaee et al. [30] used a multipronged approach of 1D and 2D electrophoresis, shotgun proteomic methods, and immunologic assays to study centrifugally isolated total HDL from normal donors. This was the first study to employ an isotope-coded affinity tag method to identify lower abundance proteins that may be masked by the more common constituents. In this strategy, tryptic peptides containing cysteine residues were derivatized with a heavy or light isotopic tag. By selecting peptides with a threshold ratio of light to heavy label, the authors identified up to 40 cysteine-containing HDL proteins. Although many of these have yet to be confirmed, this study first identified key mediators of the complement system, C3, C1 inhibitor, and complement factor H, implicating HDL in hemostasis and innate immunity. Hortin et al. [31] examined ultracentrifugally isolated HDL from normal donors, but focused on low molecular weight peptides less than 4,000 kDa, and found many of the same proteins (or at least pieces of them). The finding of small peptides from fibrinogen suggested HDL may be a circulating reservoir for proteolytic fragments of major plasma proteins. This study pointed out a potential pitfall of bottom-up (ie, peptide-based) MS methods, in that peptide sequence identifications do not necessarily indicate the entire protein is present in HDL.
The most comprehensive proteomic analysis of HDL to date was performed by Vaisar et al. [32••] . Using centrifugally isolated total HDL or HDL 3 from normal subjects, they used multidimensional protein identification technology and ESI-MS to identify 48 HDL proteins (35 previously known and 13 new identifications). Four of the new HDL associations play major roles in complement regulation, strengthening the argument for a role of HDL in innate immunity. Others showed a clear theme of protease inhibition. Most importantly, this study took HDL proteomics to the next level by comparing protein profiles of six normolipidemic control subjects with seven subjects with established CAD. Using a peptide counting strategy, it was found that HDL 3 from CAD subjects was enriched in apoC-IV, PON1, complement C3, apoA-IV, and apoE. A follow-up study compared the HDL 3 proteome of subjects with stenotic lesions verified by angiography before and 1 year after combination treatment with a statin and the HDL-raising drug niacin [33••] . The treatment was found to reduce apoE levels while increasing apoF and PLTP, partially remodeling the stenotic proteomic profile toward that of control subjects.
More recently, we applied a shotgun ESI-MS/MS approach to learn about the distribution of proteins across five different density subfractions (HDL 2 b,a and HDL 3 a,b,c) isolated by density ultracentrifugation [34••] . Using an abundance pattern analysis, we categorized 28 different proteins into five groups based on their distribution across the fractions. A correlational network suggested the existence of distinct protein clusters that may be suggestive of PL-rich LP subpopulations defined by specific protein interactions. Also, levels of apoL-I and PON were correlated with the capacity of HDL to protect against LDL oxidation.
Evidence for Protein Subspeciation and the Concept of Cooperative Protein Function in HDL
The proteins that comprise PL-rich LPs are called exchangeable apolipoproteins due to their ability to associate with and dissociate from lipoproteins as a function of their relative affinities for the particles versus a stable lipid-free form. Careful kinetic studies have documented the movement of apolipoproteins between VLDL and HDL [35] . Given this reversibility, one might be tempted to think of HDL as a transient ensemble of proteins randomly exchanging between lipid assemblies. Indeed, certain transfer proteins and enzymes likely pingpong between different particles to perform their functions. Further, the recent X-ray crystal structure of CETP indicates that the boomerang-shaped protein acts as a mobile conduit that can move cholesteryl esters and triglycerides between HDL and triglyceride-rich LPs [36] . However, there is significant evidence that many apolipoproteins do in fact segregate into compositionally stable particles. Asztalos and Schaefer [37] have made extensive use of a native 2D gel electrophoresis system that separates human plasma first by charge and then by size. The gels are then probed with antibodies to visualize protein migration patterns. ApoA-I appears in up to 11 distinct spots that represent highly negatively charged species of various sizes (pre-α1, 2, 3), moderately negatively charged (α1, 2, 3), and less negatively charged species (pre-β1 a,b and pre-β2, a,b,c), all of various diameters [37] . When probing for other HDL-associated proteins, highly distinct patterns emerged [23] . ApoA-II associated with apoA-I in the α2 and α3 species, but not in the others. ApoE showed up on larger particles that also failed to overlap completely with apoA-I. They also found evidence for apoA-IV-only lipoproteins of similar diameter to apoA-I-containing particles. Furthermore, our proteomic characterization of PL-rich LP density subspecies also showed clearly distinct abundance patterns for the different proteins [34••] . Some preferred small, dense particles, whereas others preferred large, light ones. These reports indicate that apolipoproteins are not randomly exchanging in plasma. The mechanisms driving such segregation are unknown but could be related to 1) affinity of a given protein to a given lipid composition or degree of surface curvature, or 2) specific protein-protein interactions on the particle surface that maintain protein segregation.
This latter idea of specific protein-protein interactions in PL-rich LPs opens the possibility for cooperative function. There is ample evidence that major activities of HDL rely on cooperative interactions between proteins cohabitating on a particle. The classic example is the relationship of apoA-I and LCAT. On its own, LCAT is relatively inefficient in mediating cholesterol esterification in lipoproteins. However, apoA-I acts as a cofactor to stimulate this activity by several orders of magnitude when present on the same particle [38] . ApoF, also known as lipid transport inhibitor protein, can inhibit the CETP-mediated exchange of cholesteryl esters between HDL and triglyceride-rich LPs, possibly by modulating the affinity of CETP for the HDL particle surface [39] . There is also growing evidence that one role of apoA-II may be to modulate apoA-I function. A study compared the hydrolysis rates of LpA-I, LpA-II, and LpA-I/A-II HDL by endothelial lipase, an important enzyme for the physiological regulation of HDL-C levels [40] . The lipid hydrolysis rate was highest in the mixed particles but lower in LpA-I and almost undetectable in LpA-II. That apoA-II facilitated lipid hydrolysis in mixed particles but not in LpA-II suggests it can affect apoA-I conformation to modulate endothelial lipase activation. However, the most striking example of onparticle protein cooperation relates to the role of HDL in innate immunity. In 1978, it was recognized that a dense fraction of HDL could mediate the lysis of T. brucei, a trypanosome that causes African sleeping sickness. This activity was referred to as trypanosome lytic factor (TLF) [41] . Immunoprecipitation studies demonstrated that TLF is a specific HDL subparticle that contains apoA-I, apoL-I, and haptoglobin-related protein (HRP). The current model for TLF lysis of T. brucei holds that the HDL particle is taken up by the trypanosome in a receptor-mediated pathway, possibly via the HRP moiety (for a review, see [42] ). The complex is then targeted to the lysosome where apoL-I, via a colicin-like pore-forming domain, permeates the organelle to kill the organism. Interestingly, apoA-I may be required for the proper sequestration of apoL-I and HRP to form TLF. The unique composition of TLF is the strongest evidence yet that distinct particles within classically defined HDL exist and perform highly specialized functions that are quite distinct from traditional lipid transport roles [43] . Given the large number of proteins in play, it is easy to imagine many more PL-rich LPs yet to be discovered.
PL-Rich LP Subspeciation and its Impact on the Treatment of CAD
Statin therapies, although successful commercially, only reduce CAD risk by about one third [44] . Many have pointed to this as evidence for the need to raise HDL-C in combination with the statin-mediated lowering of LDL. Unfortunately, HDL is sometimes thought of in rather simplistic terms. Although its compositional heterogeneity is well cited, it tends to be discussed as a single entity (ie, HDL-C), most often tied to reverse cholesterol transport. Current pharmacological therapies such as niacin or those in development, including CETP inhibition and apoA-I transcription stimulation, aim to raise plasma HDL cholesterol in the generic sense without direct knowledge of the functionality (or lack thereof) of the elevated species. Although there is no question that high plasma levels of HDL are inversely correlated with CAD on a population basis, there are also many individuals with high HDL with CAD and vice versa. The implication of this is clear: not all HDLs are created equal. Among the numerous particle populations comprising HDL, some may be cardioprotective, some may not [45] . It is quite possible that raising HDL-C indiscriminately may increase the wrong particles at the expense of cardioprotective ones. We need a better understanding of the subparticle makeup of the fractions classically referred to as "HDL." With such knowledge, perhaps more targeted therapies can be brought online to raise plasma levels of the cardioprotective PL-rich LPs. It is possible, maybe even likely, that a successful therapeutic strategy may not even raise HDL-C as it is measured in the clinic currently. Alternatively, small molecule therapies could be explored that mimic the cardioprotective effects of identified beneficial PL-rich subspecies. Given the tremendous resources that have been poured into nonspecific raising of plasma HDL-C, and the relatively meager successes to date, it seems prudent to invest more research into understanding HDL subspeciation.
Conclusions
The application of high-resolution MS-based proteomics has dramatically increased our understanding of HDL protein complexity. These findings leave little doubt that HDL is not only involved in lipid transport, but also proteinase inhibition, anti-inflammation, complement regulation, and innate immunity. Comparative proteomics studies offer the hope that new biomarkers can be identified to predict CAD. In addition to monitoring the ups and downs of particular proteins, we may find that the overall levels of a given protein may not differ between normal and CAD subjects, but that its distribution among PL-rich LPs or its associations with other proteins may change significantly. Realization of these goals will require solving technical problems, including increasing sample throughput to boost the number of subjects that can be efficiently studied and developing more sensitive and quantitative comparison strategies. Another challenge relates to the fact that, to date, all detailed proteomic characterizations have been performed on HDL isolated by ultracentrifugation. Given the potential for artifacts, these studies must be verified using alternative separations. Unfortunately, methods such as gel filtration, ion exchange, or native gel electrophoresis are compromised by the presence of high abundance contaminants that are not at issue in ultracentrifugation. New technologies for either lipoprotein isolation or improved MS dynamic range will be required to meet this important challenge.
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